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A B S T R A C T
This work investigates the hydrogen evolution process on magnesium by real time imaging of the
corroding surface at the free corrosion potential and during potentiodynamic polarization in alkaline and
neutral environments, in the presence and absence of chloride ions. High-magniﬁcation imaging of the
corrosion process from side view discloses that three different types of hydrogen bubbles are generated
during corrosion: i) large and stable bubbles on the uncorroded regions, ii) a stream of ﬁne bubbles at the
corrosion front and iii) medium size bubbles behind the corrosion front. It is proposed that the generation
of streams of bubbles at the corrosion front is due to the disruption of the oxide/hydroxide ﬁlm that is
possible when an anodic current is available and environmental conditions can induce depassivation.
This results in direct exposure of the underlying magnesium to the electrolyte and, due to the large
overpotential available, in hydrogen evolution. Thus, the corrosion front act as a current ampliﬁer where
the rate of magnesium oxidation is proportional to the sum of the current produced remotely, that
maintains the depassivation, and the current produced at the corrosion front by hydrogen evolution.
ã 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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When immersed in an aqueous environments, magnesium
readily forms a magnesium hydroxide/oxide ﬁlm which can then
provide some corrosion protection [1,2]. However, with the
exception of very alkaline pH (>10.5), the stability of this surface
ﬁlm is low, especially in the presence of aggressive species such as
chloride ions. The corrosion resistance of magnesium alloys is also
typically poorer than pure magnesium because the alloying
additions, required to increase the mechanical properties of the
alloys, can lead to the formation of phases which are usually nobler
than the matrix [1] and induce microgalvanic effects. A typical
example is the formation of Cu, Fe and Ni-rich noble second phases
in AZ91D and AZ91E, which promote the microgalvanic accelera-
tion of the corrosion of the alpha matrix [3,4]. The corrosion rate of
a two phase magnesium alloy can, however, be lower than that of
pure magnesium if the second phases are ﬁne and continuously
distributed and thus act as a corrosion barrier [3,5].
Due to increasing industrial applications of magnesium, its
corrosion behaviour has attracted considerable attention in recent* Corresponding author.
E-mail addresses: michele.curioni@manchester.ac.uk,
curionimichele@gmail.com (M. Curioni).
http://dx.doi.org/10.1016/j.electacta.2016.03.043
0013-4686/ã 2016 The Authors. Published by Elsevier Ltd. This is an open access articyears. Magnesium exhibits a relatively complex behaviour
compared to other metals, and the determination of corrosion
rates and underlying mechanisms using electrochemical methods
can be complex [6,7]. This is due to the abundant hydrogen
evolution that occurs in aqueous environments, and to the increase
in hydrogen evolution rate observed during anodic polarisation
(often termed ‘negative difference effect’ or NDE). This effect is
usually observed on magnesium [8–14] and it is contrary to what
the traditional electrochemical theory would predict. Elucidating
the origin of the increased hydrogen evolution during anodic
polarisation and the causal mechanism of the process of hydrogen
evolution occurring during corrosion are both critical steps for
understanding, measuring and mitigating corrosion of magne-
sium.
Several recent studies, based on different experimental
approaches, have been undertaken to improve the phenomeno-
logical understanding of the increased hydrogen evolution that
occurs during anodic polarisation. The various interpretations
presented can be broadly categorised into two groups: i) studies
that suggest that the increased hydrogen evolution during anodic
polarisation is the consequence of generation of univalent
magnesium during anodic polarisation [9,15–17] and ii) studies
that suggest that this phenomenon is the consequence of increased
cathodic activity during anodic polarisation [12,18–24]. Accordingle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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oxidation of univalent magnesium ions after they are detached
from the metal electrode. Thus, since during anodic polarisation
more univalent magnesium ions should be produced, more
hydrogen evolution than at the open circuit potential should also
be observed. The second interpretation proposes that during
anodic polarisation the ‘background’ corrosion current (or, in other
words the cathodic current) increases and therefore more
hydrogen evolution is observed. This background corrosion current
would be associated with the disruption of the partially protective
oxide/hydroxide ﬁlm (anodic event) that results in an enhanced
auto-catalytic cathodic activity for hydrogen evolution [12,23,24],
for example, derived by a surface enrichment of more noble
elements following corrosion [24].
In the Authors view several experimental strongly suggest that
the process of hydrogen evolution during anodic polarisation is
entirely associated with enhanced cathodic activity and that
univalent magnesium is not involved in the reaction. For example,
Frankel et al. [12] have shown that the ratio between the evolved
hydrogen and the applied anodic charge decreased at higher
anodic polarization. They argued that, if the hydrogen evolved was
a consequence of the generation of univalent magnesium (and not
due to a cathodic process), the ratio between evolved hydrogen and
applied anodic charge should not depend on the value of the
applied current density. Another experimental observation has
been provided by the work of Williams et al. [13,18], who used a
scanning vibrating electrode technique (SVET) to evaluate the
current distribution on a magnesium electrode during anodic
polarisation. They found that the cathodic area which supports
hydrogen evolution, and the cathodic current, both increased as
the applied anodic current increased, thereby suggesting that the
increase in active cathodic area is the fundamental mechanism
generating the increased hydrogen evolution occurring during
anodic polarisation. Shkirskiy et al. [22] performed electrochemi-
cal impedance spectroscopy (EIS) measurements simultaneously
with inductively coupled plasma atomic emission spectroscopy
(ICP-AES), in order to quantify in real-time the amount of
magnesium oxidized during the electrochemical impedance
measurement and found that the existence of univalent magne-
sium was not required to account for the experimental results.
Furthermore, experiments involving simultaneous real-time re-
cording of the magnesium surface appearance, the amount of
evolved hydrogen and the potentiodynamic polarisation behaviour
[7,25], also indicated that the hydrogen evolution is most likely to
be due to an increase in cathodic activity. Speciﬁcally, it appears
that pre-corroded electrodes develop considerably more hydrogen
during the early stages of anodic polarisation compared to
uncorroded electrodes, although the current responses are very
similar. If a proportion of the hydrogen evolved was due to the
generation of univalent magnesium, a difference in hydrogen
evolution curves should be mirrored in a similar difference in the
current response measured by the potentiostat. Since this is not
observed, univalent magnesium is unlikely to be involved in the
reaction. Lastly, it should be mentioned that recent experiments
aimed at revealing directly the presence of univalent magnesium
have proven unsuccessful [26].
If, following the above arguments, it is accepted that the
increased hydrogen evolution during anodic polarisation is due to
an increased cathodic activity (or, equivalently, an increase in
‘background corrosion current), then it is necessary to understand
why this occurs. Various interpretations, mainly based on i), the
notion of “autocatalytic effect” [12,14,21,23,24] and/or ii), on the
idea that oxide/hydroxide ﬁlm rupture is at the basis of hydrogen
evolution [6,7,27–30], have been proposed. The idea behind the
‘autocatalytic effect’ is that, during or after corrosion, the
magnesium surface is more effective in supporting hydrogenevolution, for example, due to the enrichment of alloying elements
near the surface or accumulation of cathodically active second
phase particles [24]. On the other hand, the concept underlying the
ﬁlm-rupture based models is that, where the oxide is damaged or
absent, regardless of the reason, the metal is directly exposed to
the electrolyte (or only separated from the electrolyte by an
irregular and non-protective chloride-rich ﬁlm) and, due to the
large potential difference between magnesium oxidation and
hydrogen evolution, hydrogen evolution occurs locally. It should be
noted that these two mechanisms are not in contrast and might be
both present and interlinked. It is likely that the interlinking
between these two phenomena is at the basis of the high
sensitivity and variability of corrosion rate of magnesium in
relation to the presence of small amount of impurities. Speciﬁcally,
in the presence of ppm levels of impurities such as iron, for
example, the corrosion rate of magnesium increases abruptly
above a threshold level. Such a threshold level, however, is not well
deﬁned and small variations in composition have a relatively
unpredictable effect on the corrosion rate. The effect of impurities
on the rate of hydrogen evolution was recently investigated by
Fajardo, et al., [21] by performing galvanostatic polarisations and
hydrogen evolution measurements on magnesium electrodes with
different levels of impurities. They found that a higher level of
impurities was associated with a higher cathodic activity but, from
a quantitative point of view, the increased cathodic activity alone
was not sufﬁcient to justify the observed increase in hydrogen
evolution. Therefore they suggested that the enhancement in
hydrogen evolution in the presence of impurities was likely to be
due to processes occurring where anodic dissolution took place.
Amongst the most recent work on magnesium systems,
experiments were performed by coupling electrochemical imped-
ance spectroscopy, real time imaging and real-time hydrogen
evolution measurement; results obtained have suggested that the
local rupture of the partially protective oxide/hydroxide ﬁlm is a
key step in the propagation of the corrosion front and is
responsible for the generation of a ﬁne continuous evolution of
hydrogen bubbles (termed ‘hydrogen streams’) [31,32]. It was also
pointed out that the cathodic activity of a corroding magnesium
electrode increases, though not linearly, with the area of dark
(corroded) regions and this is in qualitative agreement with the
work of Fajardo et al. [21].
In the present work, a mechanistic model, presented in a
previous work on aluminium [33], is proposed to explain the
corrosion phenomenology of magnesium. The fundamental con-
cepts behind this model are not new and they have been proposed
previously in various forms [7,9,14,20,29,31,34,35]. Speciﬁcally, the
hydrogen evolution increase during anodic polarisation and the
development of hydrogen streams from the corrosion front are
mainly due to localized rupture of the surface oxide/hydroxide
ﬁlm, which are due to the simultaneous presence of: i) conditions
that induce local depassivation, for example a depassivating ion
(chloride) or a signiﬁcant decrease in local pH and ii) a relatively
small anodic current that is produced at some distance from the
corrosion front (hereafter termed ‘remote’ anodic current), that
maintains the local depassivation [33].
In the work reported here, experiments were performed
varying the stability of the oxide/hydroxide ﬁlm on the magnesium
surface and the amount of ‘remote’ anodic current available, in
order to disclose the effects on the hydrogen evolution process.
2. Experimental
The specimens were obtained from a single cast ingot with
nominal composition 99.95 wt.% magnesium. The following trace
elements were quantiﬁed in ppm by optical emission spectrosco-
py: 30 Zn, 60 Al, 50 Si, 60 Mn, 30 Fe, 50Ca,10 Pb,100 Pr,100 Nd. Two
176 Y. Yang et al. / Electrochimica Acta 198 (2016) 174–184types of specimens were prepared to either enable the cross-
sectional visualization of the corrosion process or to enable plan
view imaging during potentiodynamic polarization.
2.1. Side view specimens
Side view type specimens were designed so that it was possible
to record high magniﬁcation images and videos of the cross section
view of the corrosion front during the corrosion process. To achieve
this, a 1 1 1 cm3 specimen was embedded in epoxy resin and,
after polymerization, two orthogonal surfaces were ground and
polished to 2000 grit ﬁnish. Afterwards, a thin layer of epoxy resin
was applied on one polished surface and a glass microscope slide
was placed on top of the resin layer, such that one of the edges of
the glass coincided with the edge of the magnesium specimen. In
order to reduce unwanted light reﬂections during imaging, after
resin polymerization, the thickness of the microscope glass wasFig. 1. a) Side view of magnesium corroding in 3.5% NaCl and b) schematic representatio
anodic current.reduced as much as possible by grinding with 2000 grit SiC paper.
Prior to corrosion testing, the remaining exposed side, where the
magnesium was not covered by either resin or glass, was polished
with 2000 grit SiC paper, in order to ensure planarity between the
magnesium surface and the glass. In the images and video
presented in this work, the magnesium covered by the microscope
glass is visible in the lower part of the image (or video), whereas
the electrolyte is visible in the upper part of the image. The
corroding magnesium surface is horizontal and perpendicular to
the page. Corrosion tests were performed in a purpose built cell
with ﬂat glass walls containing approximately 100 ml of 3.5% NaCl
solution.
2.2. Specimens for electrochemical testing and plan view imaging
Magnesium specimens were cut from the cast ingot and
embedded in epoxy resin. The samples were then polished byn of the corrosion process, highlighting the locations generating ‘remote’ and ‘local’
Y. Yang et al. / Electrochimica Acta 198 (2016) 174–184 177grinding with a series of progressively ﬁner grade abrasive SiC
papers to 2000 grit, to expose a 2  1 cm2 area to the electrolyte. To
provide a good electrical connection, a copper wire was tightly
wound around one end of each sample before embedding such as
all the cooper wire was covered by the epoxy resin and not exposed
to the solution. In order to simulate the effect of cathodically active
regions, galvanic coupling with copper was used. Speciﬁcally, a
portion of self-adhesive copper tape (electrical grade copper, Agar
Scientiﬁc, G253), normally used to ensure conductivity between
specimens and stub/holder during scanning electron microscopy,
was applied on the exposed magnesium surface after polishing.1E-4 1E-3 0.01 0.1 
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Fig. 2. a) anodic polarisation curves. b) cathodic polarisation curves. Typical polarisatio
following solutions: A: (black) Magnesium in Mg in 1 M NaOH, B: (red) Magnesium i
Magnesium in 0.01 M NaOH with 3.5% NaCl, E: (blue) Magnesium in 0.01 M Na2SO4 ne
references to colour in this ﬁgure legend, the reader is referred to the web version of tThe dimensions of the exposed copper strips was 10  4 mm2,
whilst the area of the remaining exposed magnesium was
160 mm2, thus providing the same area-area ratio (1:4) between
the magnesium and copper as reported in previous work [33],
which utilised a similar approach for aluminium.
Six different electrolytes were employed for the potentiody-
namic polarization tests: 3.5 wt.% NaCl at natural pH, 0.01 M
Na2SO4, 0.01 M NaOH with and without the addition of 3.5 wt.%
NaCl and 1 M NaOH with and without the addition of 3.5 wt.% NaCl.
Potentiodynamic polarisation curves were measured after
immersion of the specimen for three minutes in the test solution,1 10 100 1000
sity ( mA cm-2)
Mg in 1M NaOH
Mg in 1M NaOH with 3.5%  NaCl
 Mg in 0.01M NaOH 
Mg in 0.01M NaOH with 3.5% NaCl 
Mg in 0.01M Na2SO4
Mg in 3.5% NaCl 
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D
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n curves (A, B, C, D, E and F), for magnesium, displayed in different colours, in the
n 1 M NaOH with 3.5% NaCl, C: (green) Magnesium in 0.01 M NaOH, D: (purple)
utral, and F: (orange) Magnesium In 3.5% NaCl neutral. (For interpretation of the
his article.)
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5 mV s1. A typical three electrode cell conﬁguration was chosen,
with the magnesium specimen as working electrode, a saturated
calomel electrode as reference and a platinum wire as the counter
electrode. The images and videos were obtained by using a USB
digital microscope (Maplin plc). Video recording was initiated
simultaneously with polarisation, therefore one second in the
video recording is equivalent to a potential variation of 5 mV. All
the polarisations started at the open circuit potential. Each
specimen was used twice, once for anodic polarization and once
for cathodic polarization. After the ﬁrst potentiodynamic polari-
zation test, the specimen was re-ground with the procedure
described above, such as a freshly prepared surface was available
for the next test.
3. Results
3.1. Cross sectional observation during free corrosion
When the magnesium specimen was exposed to 3.5% NaCl it
underwent rapid corrosion and hydrogen evolution was observed.
Examination in cross section using a video-microscope at relatively
high magniﬁcation is shown in Fig. 1a as well as in Video 1
(accelerated by 64 times) and Video 2 (real time). To facilitate the
visualization of the corrosion process, a schematic representation
which is based on the model presented in [33] for aluminium and
discussed later on in this work for magnesium, is shown in Fig. 1b.
From the cross sectional view it is evident that hydrogen is evolved
everywhere on the surface, although at a different rate according to
the location with respect to the corrosion front. Speciﬁcally, large,
relatively stable and slow growing hydrogen bubbles are generated
on the uncorroded regions. In the corroded regions behind the
corrosion front, hydrogen evolves more abundantly than ahead of
the corrosion front. The slowly growing bubbles in the uncorroded
regions always appear tooriginate fromthe samelocations whichare
likely to be cathodic intermetallics (Fig. 1b). The behaviour of these
bubbles is particularly evident in Video 1, where the corrosion
process is accelerated by 64 times, to highlight the slow growth.
Behind the corrosion front, relatively large bubbles, though
smaller compared with those observed on the uncorroded regions,1E-4 1E-3 0.01 
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Fig. 3. Potentiodynamic polarisation behaviourare generated periodically from precise locations. This is particu-
larly evident from Video 2, which displays the corrosion process in
real-time. It is likely that these corroded regions are more
cathodically active because intermetallic phases have been
exposed, or there is enrichment in noble alloying elements, or a
less protective surface ﬁlm is formed locally. Regardless of the
details, the hydrogen evolution behind the corrosion front is
clearly more abundant than that ahead of the corrosion front.
At the corrosion front, hydrogen streams are also observed.
Here, the hydrogen bubbles are substantially smaller, and the
hydrogen evolution progresses very homogeneously (Videos 1 and
2). This behaviour can be rationalized considering that at the
advancing corrosion front, magnesium oxidizes and the bubbles
cannot anchor to stabilize and grow; therefore streams of very
small hydrogen bubbles are formed.
3.2. Potentiodynamic polarization
Fig. 2(a) and (b) presents six anodic (a) and cathodic (b)
polarisation curves, labelled A to F and in various colours,
depending on the test solution. In Fig. 2(a) Curve A (displayed
in black) and curve B (displayed in red) show the polarisation
behaviour obtained for magnesium in 1 M NaOH alone, and with
the addition of 3.5% NaCl respectively. Both curves show passive
behaviour in the anodic region, which indicate that the surfaces
were covered by a protective oxide/hydroxide ﬁlm. The presence of
chloride ions had no substantial effect on the passive ﬁlm during
the entire anodic polarisation, and a pitting potential was not
revealed in the potential range inspected. Unreported images and
videos, indicated that no obvious increase in hydrogen with
increasing potential was observed in both cases. The passive
current densities obtained in the presence of chloride ion (curve B)
were only slightly higher than those obtained in the absence of Cl
(curve A). Fig. 2(b) presents the cathodic branches for curve A
(displayed in black) and curve B (displayed in red); it is evident that
the behaviour in the presence and absence of chloride was closely
similar. Unreported images and videos indicate that hydrogen
evolution occurred during the entire cathodic polarisation,
becoming progressively more abundant with decreasing potential,
but no dark regions developed.0.1 1 10
H
G
F
t density ( mA cm-2)
 of magnesium in 0.01 M NaOH. (pH  12).
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(curves C and D), the anodic branch obtained for 0.01 M NaOH
alone (curve C), shows passive behaviour, and unreported images
indicate the absence of hydrogen streams and formation of dark
regions. However, the anodic branch obtained for 0.01 M NaOH
with the addition of 3.5% NaCl (curve D) shows only a very small
passive region, followed by a rapid increase in current density.
The curves obtained for magnesium under both anodic and
cathodic polarisation conditions in 0.01 M Na2SO4 and also the 3.5%
NaCl at natural pH are shown in curves E (blue) and F (orange)
respectively in Fig. 2(a) and (b). The current densities shown in
curve E for magnesium in 0.01 Na2SO4 at both anodic and cathodic
polarisations were much lower than the current densities observed
from curve F for magnesium in 3.5% NaCl, this observation can be
related to the presence of chloride ions that disrupt locally the
oxide/hydroxide ﬁlm. In the sulphate-containing electrolyte, some
hydrogen evolution was observed during anodic polarization, but
not in the form of hydrogen streams. Further, the initiation and
propagation of the dark regions, typically observed with chlorides,
was not observed and, instead, the electrode surface progressively
acquired a matt appearance, likely to be associated with the
formation of a thick surface ﬁlm.Fig. 4. Surface appearance of magnesium during polarisation (anodic: A-D, cathodic: 
polarisation curve identiﬁed by the symbols in Fig. 3.From Fig. 2, it is evident that the effect of a depassivating ion
(such as chloride) is very dependent on the pH. Thus, in order to
understand the mechanism of hydrogen evolution on magnesium,
real-time imaging work was performed on in 0.01 M NaOH
(pH  12) during potentiodynamic polarisations. This pH was
selected since an extended passive region was evident in the
absence of chlorides and a small passive region with well-deﬁned
pitting potential were evident in the presence of chlorides (if the
polarization is started before corrosion initiation).
The potentiodynamic polarisation curves for magnesium in the
0.01 M sodium hydroxide electrolyte are shown in Fig. 3, and the
real-time plan view images of the sample associated with speciﬁc
potentials are shown in Fig. 4 and Videos 3 and 4. The anodic scan
was started from OCP (-1.59 V vs. SCE), and the material was
passive up to 2 V above the OCP. During the anodic polarization
virtually no hydrogen evolution was observed, except for a few
large and stable bubbles that originated when the sample was
initially immersed in the testing solution (Fig. 4A–D, and Video 3).
Hydrogen streams were not revealed for the entire duration of the
polarization. This ﬁnding is consistent with the presence of a stable
oxide/hydroxide ﬁlm over the entire metal surface, which
prevented the underlying metal from being directly exposed toE-H) in 0.01 M NaOH. The letters on the images correspond to the points in the
180 Y. Yang et al. / Electrochimica Acta 198 (2016) 174–184the electrolyte. During cathodic polarization, the specimen
supported a cathodic current considerably larger compared to
the anodic current and hydrogen evolution was readily observed
on the surface of the (Fig. 4, E-H, and Video 4). However, the
cathodic polarization and the resulting hydrogen evolution did not
result in darkening of the surface.
Further polarization experiments were performed in the same
environment (0.01 M NaOH and pH  12), but with the addition of
3.5% NaCl to induce local disruption of the oxide/hydroxide ﬁlm.
The electrochemical response is shown in Fig. 5 whilst the surface
evolution is visible in Fig. 6 and Videos 5 and 6. During anodic
polarisation, a small passive region and a well-deﬁned pitting
potential were evident. In the passive region, the values of current
density were higher than those measured in the absence of
chlorides, indicating that chloride ions initially reacted homo-
geneously with the oxide/hydroxide ﬁlm inducing a faster
dissolution. In the passive region, neither corrosion initiation or
signiﬁcant hydrogen evolution were observed. However, immedi-
ately above the pitting potential, corrosion initiated and abundant
hydrogen evolution was visually observed from the active
corrosion sites (Fig. 6C–F and Video 5). Furthermore, above the
pitting potential, it was possible to observe the formation of
hydrogen streams (Fig. 6C and Video 5) from the locations
corresponding to the active corrosion sites. In Fig. 6, it is evident
that, after the formation of the ﬁrst dark regions, and associated
hydrogen streams, the dark regions that develop later tend to be
aligned in the direction of the hydrogen streams. Such alignment is
not normally observed when similar experiments are performed in
near-neutral solutions and might be due to the effect of pH
gradients developing in proximity of the streams, which become
determining when the overall pH is alkaline. Recently, Hoche et al.
also suggested that the deposition of thin metallic iron layer at the
advancing corrosion front could play a signiﬁcant role in the overall
corrosion process, and it is possible that at high pH such process
might be favoured by convection nearby hydrogen streams [36].
Detailed investigation of the observed phenomenon might provide
further insight into the fundamental understanding of corrosion
initiation and propagation on magnesium, but it is behind the
scope of this work.
Before cathodic polarization in the same electrolyte, whilst at
the free corrosion potential for 3 minutes, the electrode started1E-3 0.01 0.1 
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Fig. 5. Potentiodynamic polarisation behaviour of magnedeveloping some dark regions and hydrogen streams (Video 6,
1 second, top right of the image), due to initiation of localised
corrosion. However, the propagation of these active sites was
suppressed when the electrode was cathodically polarized.
Hydrogen evolution was observed during cathodic polarisation
(Fig. 6G–L and Video 6) both from the dark regions and from the
pristine surface.
Another set of experiments was performed in chloride
containing environment (0.01 NaOH and 3.5% NaCl) on the
magnesium electrodes, coupled with a small strip of self-adhesive
copper tape (Figs. 7–9 and Videos 7–9), an approach already used
to study similar effects on aluminium [33]. It is interesting to note
that the free corrosion potential was 1.59 V vs SCE, which was
essentially the same as the one recorded for the experiments
without copper coupling, conﬁrming that magnesium behaves as a
non-polarizable electrode. During the initial free corrosion
however, evolution of hydrogen bubbles was clearly visible, mainly
on the copper strip (Fig. 7, Video 7). With increasing immersion
time, dark regions developed on the magnesium surface and
hydrogen streams become apparent. It is worth noting that stable
and relatively large bubbles were observed on both copper and
magnesium, but hydrogen streams were only observed on
magnesium. The magnesium-copper model system studied here
can be considered to an extent representative of the behaviour of a
magnesium electrode where redeposition of nobler impurity
elements takes place. This has been investigated in detail by Hoche,
et al. [36]., who suggested that a major contribution to the
hydrogen evolution on the dark regions could arise from the
formation of a metallic layer due to the redeposition of impurities
ions, such as iron, and that subsequently sustains hydrogen
evolution following Heyrovsky kinetics [37]. When the magne-
sium-copper electrode was anodically polarized (Figs. 8 and 9,
Video 8), the hydrogen evolution on the copper strip decreased and
the large majority of the hydrogen arose from the magnesium
surface. Interestingly, hydrogen streams started developing over
the entire surface of the exposed magnesium; this occurred on the
sites where local depassivation induced by anodic polarization
occurred. Conversely, during cathodic polarisation, when passivity
is sustained by alkalinization and the inﬂuence of chloride is
mitigated, the hydrogen evolved both from the magnesium and
from the copper surface (Fig. 9E–H, Video 9).1 10 100
F
L
K
E
J
I
DC
ty ( mA cm-2)
sium in 0.01 M NaOH with the addition of 3.5% NaCl.
Fig. 6. Surface appearance of magnesium during polarisation (anodic: A-F, cathodic: G-L) in 0.01 M NaOH with the addition of 3.5% NaCl. The letters on the images correspond
to the points in the polarisation curve identiﬁed by the symbols in Fig. 5.
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From observation of the cross section images, shown in Fig.1 and
Videos 1 and 2, it can be inferred that the slowgrowing and relatively
stable hydrogen bubbles on the uncorroded regions are likely to begenerated on the few cathodic intermetallic phases exposed to the
electrolyte that provide a stable point for hydrogen generation and
allow the bubble to anchor. This process results in the availability of
some ‘remote’ anodic current (Fig. 1b), that can either promote an
homogeneous thickening of the oxide ﬁlm without initiating
Fig. 7. Surface appearance of magnesium galvanically coupled with copper during free corrosion in 0.01 M NaOH with the addition of 3.5% NaCl. The immersion time is
indicated on the images.
182 Y. Yang et al. / Electrochimica Acta 198 (2016) 174–184localized corrosion (this occurs in very alkaline environment and/or
in the absence of chlorides), or that can induce local rupture of the
oxide/hydroxide ﬁlm and initiate localized corrosion (in moderately
alkaline electrolytes, in the presence of chlorides). At such locations,
as a result of the large difference between the reversible potentials
for magnesium oxidation and hydrogen evolution, a sufﬁcient
overpotential is available and hydrogen evolution in the form of
hydrogen streams takes place. The hydrogen evolution is in the form
ofstreams duetotheinstablenature of theunderlying surface,where
magnesium is rapidly oxidizing and, consequently, the bubbles
cannot anchor and grow before being detached. Based on this
interpretation, it can be inferred that, similarly to aluminium in
acidicchloride-containingenvironment[33], thecorrosionfrontacts
as a ‘current ampliﬁer’, where a relatively small ‘remote’ anodic
current is responsible for a substantial ‘local’ anodic current,
associated to the formation of hydrogen streams (Fig. 1b). Overall,
the total amount of oxidized metal is proportional to the sum of the
‘remote’ anodic current and the ‘local’ anodic current. The ratio
between the ‘remote’ anodic current and the induced ‘local’ anodic
current is unknown, and might vary signiﬁcantly depending on the
experimental conditions, composition and microstructure of the
metal. Behind the corrosion front, within the dark regions, additional
cathodic sites are subsequently generated and enrichment of noble
elements might also locally occur. As a result, relatively large bubblesare observed to appear and detach from precise locations, where the
surface is more cathodically active. Such cathodic reaction on the
dark regions provides additional ‘remote’ anodic current to maintain
the depassivation of the active corrosion front.
During anodic polarisation, the ‘remote’ anodic current is
provided by the external circuit. As a result, the passive ﬁlm is
disrupted from an increasing number of locations and consequently
the area of magnesium that is directly exposed to the electrolyte
increases, and so an increase in hydrogen evolution is observed. The
proposed mechanism and the experimental observations from
magnesium specimens, enable the rationalization of two key
experimental observations, namely: i) the increased hydrogen
evolution occurs during anodic polarisation and, ii) the abrupt
increase in corrosion rate that takes place above a threshold
concentration of impurities. Both observations can be considered the
consequence of the increased availability of ‘remote’ anodic current
that, at the corrosion front, results in increased hydrogen evolution.
In the ﬁrst case, the additional ‘remote’ anodic current producing
enhanced hydrogen evolution is provided by the external circuit
while, in the second case, it is provided by the cathodic reaction on
intermetallic phases over the uncorroded regions and/or on the
corroded regions that have higher cathodic activity. Above a certain
threshold level of impurities, the ‘remote’ anodic current is sufﬁcient
to promote and effectively sustain the depassivation, whereas below
0.01 0.1 1 10 10 0
-4.0
-3.5
-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
H
G
FE
D
C
BA
Po
te
nt
ia
l v
s 
SC
E
 / 
V
Current d ensity (mA cm-2 )
Fig. 8. Potentiodynamic polarisation behaviour of magnesium galvanically coupled with copper in 0.01 M NaOH with the addition of 3.5% NaCl.
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The letters on the images correspond to the points in the polarisation curve identiﬁed by the symbols in Fig. 8.
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sustain the depassivation of the corrosion front. Thus, the hydrogen
evolution at the corrosion front ampliﬁes the total current available
for metal oxidation and therefore, a relatively limited variation in
cathodic activity can induce a comparatively large variation in
corrosion rate. Conversely, if the content of impurities is low, the
initial depassivation is difﬁcult and the corroded regions (dark and
more cathodically active) are not as effective in supporting the
cathodic reaction. In this case the ‘remote’ anodic current does not
increase substantially with time and corrosion progresses slowly.
The concept of a ‘remote’ anodic current that is required to
promote depassivation, and that is responsible for an increased
overall corrosion rate, could be visualized by considering the free
corrosion behaviour of magnesium galvanically coupled with
copper. As expected, at the corrosion potential, hydrogen evolution
was favoured on copper which is nobler; this generated a sufﬁcient
‘remote’ anodic current to induce, in combination with the presence
of chlorides, the rupture of the hydroxide ﬁlm at some locations and
the initiation of corrosion. What determines the corrosion rate is the
availability of ‘remote’ anodic current rather than the electrode
potential, and this is supported by the experimental observation that
the corrosion potential of the aluminium-copper electrode is almost
identical to the corrosion potential of the magnesium electrode. At
the active corrosion sites, hydrogen streams were generated because
magnesiumwas in direct contact with the aqueous solution, oronlya
poorly protective chloride-rich ﬁlm was present. The galvanic
coupling experiment exempliﬁes that a ‘remote’ anodic current
(generated on copper, associated to large hydrogen bubbles) can
induce a substantial ‘local’ anodic current at the corrosion site
(associated to the hydrogen streams). During anodic polarisation the
hydrogen evolution on the copper strip decreases, as expected from
electrochemical theory. However, the overall ‘remote’ anodic current
increases, since it is provided by the potentiostat, the local
depassivation increases, and so does the hydrogen evolution rate.
The correlation between the formation of hydrogen streams and
localized depassivation is conﬁrmed by the potentiodynamic tests in
the various environments;hydrogenstreams whereobservedonly in
those condition where depassivation was possible, i.e. mildly
alkaline to neutral pH in the presence of chloride ions and above
the pitting potential. Finally it is worth remarking that the hydrogen
evolution behaviour on magnesium is closely similar to that on
aluminium, reported previously [33], and that the same model
applies to both materials.
5. Summary
Duringcorrosionofmagnesium,threedifferenttypesofhydrogen
bubbles are observed, namely: i) large and stable bubbles growing
from speciﬁc locations on the uncorded regions, most likely on
cathodic intermetallics ii) ﬁne bubbles at the active corrosion front
(hydrogen streams) and iii) medium size bubbles growing from
speciﬁc locations behind the corrosionfront. The hydrogen evolution
processes in front and behind the active corrosion front provide the
‘remote’ anodic current that is necessary to induce ﬁlm rupture and
depassivation at the corrosion front. Here, due to the direct contact
between metal and electrolyte, or to the presence of only a poorly
protective chloride-rich ﬁlm, the potential difference between
magnesium oxidation and hydrogen evolution is the driving force
for hydrogen streams generation. Thus, the corrosion front acts as a
‘current ampliﬁer’, where a relatively small ‘remote’ anodic current
induces a substantial ‘local’ anodic current, associated with localized
metal loss and with the formation of hydrogen streams. The
oxidation rate of magnesium is proportional to the sum of the
‘remote’ anodic current (associated to the large and medium
bubbles) and local anodic current (associated to the hydrogen
streams). Two conditions are required to sustain corrosion andtrigger the formation of hydrogen streams: the presence of i) a
‘remote’ anodic current and ii) of conditions that promote
depassivation. The above considerations are consistent with the
fact that, if the ‘remote’ anodic current is provided by an external
circuit when depassivation is possible, increased hydrogen evolution
in the form of hydrogen streams is observed with increasing anodic
polarization (negative difference effect).
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